Abstract.-In decay analyses the support for a particular split in most-parsimonious trees is its decay index, that is, the extra steps required of the shortest trees that do not include the split. By focusing solely on the support for splits, traditional decay analysis may provide an incomplete and potentially misleading summary of the support for phylogenetic relationships common to the most-parsimonious tree or trees. Here, we introduce double decay analysis, a new approach to assessing support for phylogenetic relationships. Double decay analysis is the determination of the decay indices of all n-taxon statements/partitions common to the most-parsimonious tree. The results of double decay analyses are presented in a partition table, but various approaches to graphical representation of the results, including the use of reduced consensus support trees, are also discussed. Double decay analysis provides a more comprehensive summary and facilitates a better understanding of the strengths and weaknesses of complex phylogenetic hypotheses than does traditional decay analysis. The limitations of traditional decay analyses and the utility of double decay analyses are illustrated with both contrived data and real data for sauropod dinosaurs.
Various numerical techniques have been developed for measuring the support provided by data for phylogenetic hypotheses, and some, such as bootstrapping (Felsenstein, 1985) and decay analysis (Bremer, 1988; Donoghue et al., 1992) , are particularly widely used. However it is measured, support is typically distributed unevenly across preferred phylogenetic trees, and most measures of support are usually given for each clade or split in a tree. Trees are treated as (and decomposed into) sets of clades or splits, and the support for each is evaluated separately. It is perhaps natural in the cladistic age to focus on clades/splits and to view trees in this way. However, trees can also be thought of as collections of less inclusive hypotheses of relationships such as triplets, quartets, and other n-taxon statements or partitions, with implications for the measurement of support (Wilkinson, 1994) .
Importantly, assessments of the quality of phylogenetic hypotheses that focus exclusively on clades or splits can be very incomplete or even misleading. Wilkinson (1996) used both contrived and real data to illustrate this problem in the context of bootstrapping. Here we show that the same problem can affect assessments of relationships in a most-parsimonious tree (MPT), or set of MPTs, made with traditional decay analysis (TDA). As a solution, we introduce a new approach, double decay analysis (DDA), which provides a more comprehensive, and hence more informative, summary of the support for phylogenetic relationships in most-parsimonious trees. We illustrate DDA both with simple contrived data and with more complex real data from Upchurch's (1998) study of sauropod dinosaurs. DDA is applicable to the assessment of hypotheses of relationships in both rooted and unrooted trees. For simplicity, this exposition deals solely with rooted trees.
MATERIALS AND METHODS
All parsimony analyses used PAUP ¤ (D. L. Swofford, Smithsonian Institution). Branch-and-bound searches were used for all analyses of the contrived data. Heuristic searches using the sauropod data made use of 10 random addition sequences and TBR branch-swapping. Details of the treatment of the characters, and of the original analyses of the sauropod data, are given in Upchurch (1998) . Programs for randomly permuting data, de ning constraint trees, controlling batch analyses with PAUP ¤ , summarizing the results of batch analyses, and constructing reduced consensus and support trees were written by J.L.T. and M.W., individually or together, and are available from http://www.nhm.ac.uk/zoology/ home/wilkinson.htm.
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TRADITIONAL DECAY ANALYSIS Bremer (1988) introduced an approach for assessing the quality of phylogenetic data and concomitant hypotheses by comparing the splits in MPTs with those in suboptimal (less parsimonious) trees. He illustrated the approach by analyzing two molecular data sets for representatives of angiosperm families. For each data set, Bremer (1988) determined the complete set of MPTs and of all other fundamental trees just one, two, or three steps longer. Strict component consensus (SCC) trees (Sokal and Rohlf, 1981) , commonly referred to as strict consensus trees, were produced for all fundamental trees shorter than a speci ed tree length. As increasingly longer fundamental trees were considered, the resolution of the corresponding SCC trees decreased. Bremer (1988) argued that because consideration of trees with so few extra steps (two and three for the two data sets, respectively) led to completely unresolved SCC trees (that is, no splits were common to all the fundamental trees), the relationships in the MPTs were not well supported by the data. Donoghue et al. (1992:335) used the same consensusbased approach in another molecular botanical study and introduced the term "decay index" for "the number of steps that must be added before each clade present in the minimum length trees is no longer unequivocally supported." Eernise and Kluge (1993) used PAUP's (Swofford, 1993 ) excellent facility of searching under topological constraints to determine the decay indices of each split in their MPTs. Each split is described as a constraint tree, and analyses enforcing converse constraints are used to search for the shortest trees that do not include particular splits. This more direct method of determining decay indices than the use of consensus trees to summarize sets of all trees less than a particular length often has the advantage of greater speed. With large data sets the number of trees that must be found, stored, and examined to determine the decay indices of the best-supported splits by the consensusbased approach may be prohibitively large. Under these circumstances, searching with topological constraints, for example, using the Autodecay program (Erikson and Wikström, 1996) in conjunction with PAUP, is the most sensible option. Bremer (1994) provided a useful review of TDA.
TERMINOLOGY
As de ned in Wilkinson (1994) , an n-taxon statement is an assertion (or hypothesis) that all the taxa in one set (termed the inside set, I ) are more closely related to each other (i.e., share a more recent common ancestor) than to any taxa in another set (the outside set, O). For example, the hypothesis that A, B, and C are all more closely related to each other than to D and E is the 5 3 -taxon statement (ABC)DE; where I = A, B, and C; O = D and E; and the subscript denotes the size of the inside set. An n-taxon statement is an n-tree (Margush and McMorris, 1981 ) with a single cluster. The cardinality, or inclusiveness, of an n-taxon statement is the size of the union of its inside and outside sets, that is, the number of terminals to which it refers. Clades (rooted splits, components) are n-taxon statements that include all the terminals in the fundamental tree or trees under consideration and are therefore of maximal cardinality. Informative n-taxon statements of the lowest cardinality are 3 2 -taxon statements, referred to here as triplets.
SCC trees include all and only those clades (i.e., n-taxon statements of maximal cardinality) that are present in all members of a set of trees. Wilkinson (1994) introduced the strict reduced cladistic consensus (RCC) method as a means of representing agreement among trees over less inclusive n-taxon statements than clades. Unlike many traditional consensus trees, RCC trees need not include all the terminals present in the trees. In addition, a pro le of RCC trees, rather than a single unique consensus, may be reported. A strict RCC tree is a consensus tree that (1) includes all and only those n-taxon statements for a particular set of terminals that are present in all members of a set of trees and (2) is nonredundant (i.e., includes additional information) with respect to any other tree satisfying (1). Wilkinson (1995a) further distinguished between basic and derivative RCC trees. The basic RCC pro le includes a full summary of all the n-taxon statements shared by the members of a set of trees, and each basic RCC tree includes information that is not entailed by any other combination of RCC trees. In contrast, derivative RCC trees represent alternative ways of combining the information in basic RCC trees. A derivative tree may be more informative than any single basic tree, but it includes no information that is not present in the basic RCC pro le. For further FIGURE 1. Two most-parsimonious trees (a and b) and the single RCC tree (c) for the hypothetical data in Table 1 . X, Y, and Z indicate three adjacent branches in the RCC tree that correspond to statements 6, 4, and 3 of the partition table (d), respectively. The partition table summarizes the n-taxon statements in the RCC tree, which by implication have positive decay indices. details and discussion of these methods see Wilkinson (1994 Wilkinson ( , 1995a .
The decay index of an n-taxon statement is the length of the shortest tree (or trees) that does not include the statement minus the length of the shortest tree (or trees) that does include the statement. Consequently, decay indices are positive for n-taxon statements common to all MPTs, negative for n-taxon statements not found in any MPT, and zero for n-taxon statements that occur in only some MPTs. Here we focus exclusively on positive decay indices. TDA is the TABLE 1. Hypothetical character data for nine ingroup taxa (A-H, R) and one outgroup. Taxon  1-5  6-10  11-15  16-20  21-25  26-30  31-35  36-40   Outgroup  00000  00000  00000  00000  00000  00000  00000  00000  A  11111  11111  11111  11111  00000  00000  00000  00000  B  11111  11111  11111  00000  00000  00000  00000  00000   C  11111  11111  00000  00000  00000  00000  00000  00000   D  11111  00000  00000  00000  00000  00000  00000  00000   E  00000  00000  00000  00000  11111  00000  00000  00000   F  00000  00000  00000  00000  11111  11111  00000  00000  G  00000  00000  00000  00000  11111  11111  11111  00000   H  00000  00000  00000  00000  11111  11111  11111 determination of the positive decay indices of clades/splits. The decay index, as used in TDA, has several synonyms, including Bremer support (Källersjö et al., 1992) , support index (Eernise and Kluge, 1993) , and branch support (Bremer, 1994) . Källersjö et al. (1992:284) objected to the terminology of Donoghue et al. (1992) because "the most strongly supported groups would be the most decayed." However, we consider this terminology quite apposite in referring to what is being taken as support and unlikely to confuse. Källersjö et al. (1992) suggested using total support, the sum of the decay indices of all clades/splits common to the set of MPTs, in matrix randomization tests. Wilkinson (1994) argued that because this measure re ects only the support for clades or components and because analogous "total" support measures exist for other cladistic information in MPTs, the more accurate term is total component support. We de ne the total decay of a tree as the sum of the decay indices of all the mostinclusive n-taxon statements present in the tree (i.e., the clades or splits in the tree). Thus the total decay of the SCC tree is equal to total component support.
Characters

A CHAIN IS NO STRONGER THAN ITS WEAKEST LINK
To illustrate the limitations of TDA, consider the hypothetical example of the two MPTs (Figs. 1a, b) for the contrived data in Table 1 . No clade occurs in both trees. Thus no clades have a positive decay index and the total component support is zero. However, the two trees are very similar, differing only in the position of the "rogue" terminal R, and the data for terminals A-H are highly structured. The single strict RCC tree (Fig. 1c) summarizes the cladistic relationships (n-taxon statements) among terminals A-H that are common to the two MPTs and therefore have positive decay indices. The rogue terminal R is excluded from the strict RCC tree because no n-taxon statements both include it and are common to the two MPTs.
The example illustrates that, despite the absence of clades with positive decay indices, other less inclusive n-taxon statements with positive decay indices may exist. TDA correctly identi es the complete lack of support for any clades, but it should not also be interpreted as indicating that there is no support for any relationships among the terminals. The instability in the MPTs and the lack of unambiguous support for any clades is entirely attributable to the properties and behaviour of the single rogue terminal R and does not indicate an absence of support for the phylogenetic relationships of the other terminals. By focusing only on clades, TDA is unable to distinguish cases in which instability in trees is associated with a few terminals and most relationships are otherwise well supported, from cases in which instability and lack of support for relationships are more ubiquitous. TDA facilitates only a very incomplete, and potentially misleading, understanding of the strengths and weaknesses of the data and associated phylogenetic hypotheses.
Clades, and any n-taxon statements of cardinality >3, can be decomposed into equivalent sets of less inclusive n-taxon statements. Decay indices of these less inclusive n-taxon statements can differ (sometimes dramatically) from the decay indices of the clades (or other n-taxon statements) that entail them. Importantly, as we show below, the decay index of a clade will equal the lowest decay index of any of the n-taxon statements that it entails. Thus, just as a chain is no stronger than its weakest link, support for a clade (as measured by the decay index) is no stronger than that of the least-supported n-taxon statement entailed by the clade. In its focus on support for clades, TDA is limited to determining the strength of the weakest links in the complex hypotheses of relationships that clades represent. The development of DDA is motivated by the view that we should not assess complex phylogenetic hypotheses solely on the basis of their weakest links. Rather we should seek a more comprehensive understanding of the strengths and weakness of phylogenetic hypotheses.
DOUBLE DECAY ANALYSIS
DDA is simply the determination of decay indices for all n-taxon statements common to all MPTs (i.e., all n-taxon statements with positive decay indices). Given that clades are n-taxon statements, TDA is a special case of DDA. Like TDA, DDA can be performed either by nding the sets of all trees shorter than a given length and using an appropriate strict consensus method to identify hypotheses of relationships that are common to all such trees or, more directly, by performing appropriate constrained analyses of speci ed n-taxon statements.
The Decay Theorem
Let A and B be n-taxon statements or sets of n-taxon statements. A entails B if all the cladistic relationships asserted by B are also asserted by A. If B also entails A, A and B are equivalent. Our preferred approach to double decay analysis makes use of a fundamental idea we call the decay theorem, which states: The decay index of an n-taxon statement equals the lowest of the decay indices of the n-taxon statements that it entails. The proof of the theorem is as follows:
Consider an n-taxon statement T of cardinality > 3. T entails an equivalent set of less inclusive n-taxon statements, S. Because they are equivalent, S entails T, and (not S) entails (not T). Thus the shortest tree that does not assert some of the n-taxon statements in S, which determines the lowest decay index of any of the n-taxon statements in S, also does not assert T. It follows that the decay index of an n-taxon statement cannot exceed the lowest decay index of any of the less inclusive ntaxon statements that it entails. Conversely, because T entails S, the shortest tree that does not assert T must also not assert one or more of the less inclusive n-taxon statements in S, and these must have decay indices at least as low as that of T. Therefore, the decay index of an n-taxon statement cannot be lower than the lowest decay index of any of the less inclusive n-taxon statements.
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Redundancy
The set of all n-taxon statements common to all MPTs typically includes much redundancy. In the absence of considerations of support, an n-taxon statement is redundant if it is entailed by a more inclusive n-taxon statement (Wilkinson, 1994) , a condition we refer to as structural redundancy. Considerations of support can alter the conditions for redundancy (Wilkinson, 1996) . In the context of DDA, an n-taxon statement is numerically redundant if (1) it is structurally redundant, and (2) the more inclusive n-taxon statement entailing it has the same decay index and thus has no less support (see Fig. 2 ). A DDA partition table comprising all numerically nonredundant n-taxon statements and their decay indices provides a complete and ef cient summary of DDA.
Consensus-Based DDA
Consensus-based DDA is conducted exactly the same as consensus-based TDA, that is, with incremental increases in the lengths of trees retained in multiple parsimony analyses, but utilizes a different consensus method for summarizing the relationships common to the sets of fundamental trees. The appropriate consensus method is the strict RCC method (Wilkinson, 1994) , which produces a pro le of one or more RCC trees. Applied to sets of trees shorter than some speci ed length, the strict RCC method will identify, and provide a graphical representation of, all n-taxon statements with decay indices equal to or greater than the difference between the speci ed length and the length of the MPT(s). The disappearance of n-taxon statements from strict RCC pro les with increases in the length of the considered trees identi es their decay indices.
To provide a complete DDA, incremental increases in the lengths of trees retained in successive parsimony analyses would need to continue until no common n-taxon statements remain among the fundamental trees. However, the numbers of trees that would have to be enumerated and stored in memory limit such an approach to DDA to small (e.g., < 9 taxa) data sets.
DDA by Constrained Analyses
Our preferred approach to DDA is to determine decay indices by constrained analyses. The appropriate topological constraint for an n-taxon statement that is not a clade is a backbone constraint (Swofford and Begle, 1993) . A backbone constraint is equivalent to an ntaxon statement, and the decay index of an n-taxon statement is determined by nding the shortest trees that are inconsistent with the backbone constraint (i.e., by applying the converse constraint).
The set of n-taxon statements represented in a tree can be very large and, as noted above, typically involves much redundancy. Given that the decay index of any n-taxon statement is equal to the lowest decay index of the triplets (i.e., 3 2 -taxon statements) that it entails, then, provided we know the positive decay indices of all triplets, we can determine the decay indices of all other ntaxon statements. This requires the combination, or fusion, of triplets into more inclusive n-taxon statements, rules for which are described below. Focusing only on triplets greatly reduces the number of constrained analyses that must be performed and improves the ef ciency of DDA. We stress that in constrained analyses we include all of the terminals and all the data. Terminal taxa are excluded from backbone constraint trees but not from the analyses.
Our preferred implementation of DDA thus involves:
1. Identi cation of all triplets common to the MPTs. 2. Determination of the decay index of each triplet through parsimony analyses of the full data by using the appropriate converse backbone constraint. 3. Generation of decay indices for all numerically nonredundant n-taxon statements common to the MPTs through the fusion of less inclusive n-taxon statements. Fusion rules for n-taxon statements used to produce the list of numerically nonredundant n-taxon statements from the positive decay indices of triplets. I1 and O1 and I2 and O2 denote the inside and outside sets of two parent n-taxon statements, respectively; \ denotes intersection; [ denotes union; and°6 is the empty set.
Double decay refers to the decomposition (decay) of the phylogenetic hypotheses into triplets and the subsequent determination of their decay indices.
In practice, the backbone constraint trees used in DDA must include one or more additional terminals representing the root or outgroups and specifying the polarity inherent in the triplet. The number of triplets asserted by fully resolved trees increases with the number of terminal taxa, imposing a limit beyond which DDA is infeasible. Below we provide an example of DDA for a tree including 26 ingroup terminals and 2,599 triplets. The number of triplets for fully resolved trees of 50 and 100 terminals are 19,600 and 161,700, respectively. The current practical limit to DDA probably lies close to the lower end of this range but will depend on the quality of the data and the tree search strategies used. Where heuristic searches are performed, the decay indices are estimates.
Fusion of N-Taxon Statements
Our aim is to build up a DDA partition table from the set of all triplets with positive decay indices. Given that the n-taxon statements of interest are all common to the MPTs, any pair of statements must be mutually compatible.
Any two parent n-taxon statements can be fused (i.e., combined so as to make explicit all cladistic relationships entailed by the parent statements) if they satisfy one of the four mutually exclusive conditions given in Table 2 and illustrated in Figure 3 . Fusion products are determined by the intersection of the inside and outside sets of the parent n-taxon statements. From the decay theorem, the decay index of a fusion product is equal to the lowest decay index of the parent statements. Fusion products may or may not be structurally nonredundant with respect to the parent n-taxon statements. However, if they are structurally redundant, they are also numerically redundant and can be discarded.
All numerically nonredundant n-taxon statements and their decay indices are generated by an exhaustive series of pairwise combinations of n-taxon statements. Initially all the triplets are in a list. Beginning at an arbitrarily de ned top of the list, we work down through it so as to examine each ntaxon statement in turn. Each n-taxon statement is compared with each of the n-taxon statements below it in the list and the fusion rules are applied. Fusion products that are not numerically redundant with respect FIGURE 3. Examples of pairs of parent statements and their fusion products, illustrating the fusion rules of Table 2 . to the parent statements are added to the bottom of the list, and any n-taxon statements (including the parent statements) that are numerically redundant with respect to the fusion products are removed. The procedure is repeated until all pairwise comparisons fail to yield fusion products that are numerically nonredundant with respect to the parents. The list will then contain all and only those numerically nonredundant ntaxon statements and their decay indices. Our fusion rules are equivalent to the partial split closure operator described by Meacham (1983) and proven by Semple and Steel (1999) . Semple and Steel (1999) have also shown that the number of possible fusions is polynomial and thus that our algorithm will stop in nite time. 
A HYPOTHETICAL EXAMPLE
In this section we use the hypothetical data of Table 1 to illustrate DDA. We begin with the consensus-based approach. The results of analyses retaining successively longer trees for the hypothetical data of Table 1 are summarized in Table 3 with positive decay indices. All trees as much as four steps longer than the MPTs also include these 8-taxon statements, but the statements are not found in the strict RCC prole for all trees as much as ve steps longer than the MPTs (Fig. 4 ). Thus these rst six 8-taxon statements have decay indices of +5.
Similarly, there are four 7-taxon statements with decay indices of +10 and two 6-taxon statements with decay indices of +15. Combining the results from these analyses yields the DDA partition table, which includes all and only those numerically nonredundant n-taxon statements with their associated decay indices (Table 4) .
The two MPTs share 56 triplets. Decay indices of these triplets were determined by analyses with converse backbone constraints. Subsequent fusion of the triplets into numerically nonredundant n-taxon statements gave the same partition table as the consensus-based approach (Table 4) .
Traditional decay analysis correctly identi es the absence of unambiguous support for any of the clades in the MPTs but gives no indication of the extent of support for other relationships. Unfortunately, such a result might also be interpreted as indicating that there is no support for any phylogenetic relationships provided by these data, as would be the case in the total component support randomization test proposed by Källersjö et al. (1992) . DDA, by providing a more comprehensive summary of the support for phylogenetic hypotheses based on these data, demonstrates that this would be a misinterpretation. Six 8-taxon statements are well supported with decay indices of +5, four 7-taxon statements are better supported (decay indices = +10), and two 6-taxon statements have substantial decay indices ( +15).
Note that the greatest decay indices are associated with n-taxon statements of low cardinality. Roughly speaking, we can regard DDA as identifying relationships (n-taxon statements) with increasing decay indices at the expense of the excluding increasing numbers of terminals. The excluded terminals represent the weaker links in the phylogenetic chain. Where relationships are represented in trees, pruning of terminals may lead to the conjunction of previously separate (but adjacent) internal branches. Indeed, we shall make use of several comparisons of the decay indices of corresponding adjacent and conjoined internal branches in different trees. For example, the adjacent branches X, Y, and Z in Figure 1c , correspond to the conjoined branch XYZ in Figure 5c which is formed by the exclusion of two terminals (E and F). In terms of n-taxon statements, the adjacent branches X, Y, and Z and the conjoined branch XYZ represent statements 12, 10, 8, and 2 in Table 4 , respectively. Exclusion of E and F renders all four statements equivalent.
The hypothetical example illustrates two distinct forms of behavior of the excluded terminals and their effects on decay indices that are endpoints in a continuum of possible effects. The instability of the rogue taxon R re ects alternative most-parsimonious placements in widely separated parts of the tree, and its effects on decay indices are widespread. Moreover, stepwise increases in decay indices of the more strongly supported n-taxon statements in Table 4 are accompanied (or paid for) by excluding the closest relatives of the inside set. For example, the inside set of G and H has a decay index of +5 when the rogue taxon R is excluded (statement 8, Table 4 ; branch Z in Fig. 1c ), but this increases to +10 with the exclusion of F, the closest relative of G and H (statement 4, Table 4 ; branch YZ, Fig. 4c ). It increases further to +15 with the exclusion of E, the next closest relative of G and H (statement 2, Table 4 ; branch XYZ, Fig. 5c ). Here, shortest trees that do not include a given n-taxon statement in which G and H are the inside set are those involving rearrangements of the relationships of G, H, and their closest relatives (E and F). The effects of the exclusion of these closest relatives on decay indices are more restricted. They are also local, in that they affect the decay indices of the conjoined branch formed by their exclusion rather than having more long-distance consequences for other branches.
GRAPHICAL REPRESENTATIONS
The results of DDA can also be represented graphically in trees, although this may raise problems of ef ciency. For example, the seven basic RCC trees in Figures 1c, 4b -e, 5b, and 5c provide a graphical summary of the DDA. Each basic RCC pro le provides a graphical representation of all cladistic relationships with decay indices equal to or greater than a particular cutoff. Derivative RCC trees such as those in Figures 4f-i and 5c can also be constructed by fusing basic RCC trees (see Wilkinson, 1995a) .
RCC Support Trees
A different, but related, graphical representation can be produced by applying the rules for building RCC trees (Wilkinson, 1994 (Wilkinson, , 1995a to the full partition table summary of DDA (e.g., Table 4 ). This produces an RCC support pro le, which may contain both basic and derivative RCC support trees. Each support tree represents some information on the amounts of support that is not contained in any other support tree. Each distinct set of terminals that has one or more n-taxon statements in the DDA partition table has a separate basic support tree. The number of basic support trees will be equal to or less than the number of n-taxon statements in the DDA partition table. Also included in the tree are the other n-taxon statements in the partition table that (1) include all the terminals in the basic tree and (2) are numerically nonredundant when only these terminals in the basic tree are considered. The decay indices for the n-taxon statements are indicated on the support tree. If there are any clades (n-taxon statements with all terminals included) with positive decay indices, then a tree including all clades with positive decay indices will be included in the RCC support pro le. This tree corresponds to the SCC tree of the MPTs with decay indices, as produced by TDA. FIGURE 6. The seven basic RCC support trees produced from the DDA partition table for the hypothetical data in Table 1 . Numbers indicate decay indices. Figure 6 shows the seven basic support trees for the hypothetical data. Each support tree corresponds to one of the basic RCC trees in Figures 1, 4 , and 5, but wherever they differ, the support trees are more resolved and hence are more informative and preferable. For example, (AB)EFGH (statement 1, Table 4 ) is the only n-taxon statement for that set of terminals and has a decay index of +15; it is represented by the basic RCC tree in Figure 5b . The corresponding RCC support tree in Figure 6a includes this and additional information from statements 8, 10, and 12 of Table 4 .
Derivative RCC support trees are analogous to derivative strict RCC trees and are similarly produced by the fusion of two or more basic trees by the method described by Wilkinson (1995a) . There are nine derivative RCC support trees for the hypothetical data (Fig. 7) , some differing only in relatively minor details. In complex cases, the number of possible derivative trees may be too high for their exhaustive enumeration to be either practical or particularly useful. More useful support trees can be produced for any subset of terminals of particular interest. They will include all numerically nonredundant ntaxon statements that apply to the particular terminals and their decay indices and may or may not be a member of the RCC support tree pro le.
The strengths and weaknesses of the hypothetical data can be illustrated fairly effectively with the set of basic support trees (Fig. 6 ). Although such graphical representations may be both useful and desirable, in more complex cases the sheer number of support trees included in the basic pro le will prohibit graphical representation of all the results of DDA. Thus, if support trees are used to explore or present the results of DDA, they will of necessity often be selective and incomplete. In such cases, support trees could be used in conjunction with the partition table to emphasize particular aspects of the results rather than to serve as a surrogate to the partition table. We further explore this use of support trees below.
A REAL EXAMPLE-SAUROPOD PHYLOGENY
The sauropods were gigantic, longnecked, herbivorous dinosaurs, exempli ed by familiar forms such as Diplodocus and Apatosaurus (=Brontosaurus), which lived during the Jurassic and Cretaceous Periods (» 210 to 65 million years ago [MYA] ). Because of their large size and unusual morphology, the study of their phylogenetic relationships raises several interesting issues. For example, the length of the neck and the small size of the head make the cranium particularly susceptible to postmortem disturbance; consequently, many sauropod taxa are known from postcranial material alone, and any comprehensive osteological character matrix inevitably contains large blocks of nonrandomly distributed missing data. Several studies have investigated sauropod phylogenetic relationships by using parsimony analysis (Gauthier, 1986; Yu, 1990 Yu, , 1993 Upchurch, 1993 Upchurch, , 1995 Upchurch, , 1998 Sereno, 1994, 1998; Calvo and Salgado, 1995; Salgado et al., 1997) . Although the trees produced by these studies agree in some respects, considerable differences remain regarding the number and treatment of characters and taxa examined, and the relationships of many genera are still controversial. Upchurch (1998) is the most comprehensive study to date, both in taxonomic scope and in the number of characters considered, and is the only study that has attempted any extensive investigation of the strengths and weaknesses of particular hypotheses of sauropod relationships.
Upchurch's (1998) study of sauropod dinosaurs was based on 205 osteological characters for 26 selected genera and a hypothetical ancestor. Parsimony analysis yielded two MPTs with a length (L) of 346, consistency index (CI) of 0.607 and retention index (RI) of 0.737. The SCC tree for the two MPTs is well resolved (Fig. 8) and is the only member of the strict RCC pro le. Upchurch used a variety of approaches to assess the quality of data and the support they provided for his phylogenetic hypothesis, including matrix randomization tests, bootstrapping, and TDA. He noted that decay indices and support, as measured by bootstrapping proportions, S YSTEMATIC BIOLOGY VOL. 49 FIGURE 8. The SCC tree of the two MPTs for the sauropod data of Upchurch (1998) . Letters identify particular branches according to the scheme used by Upchurch (1998) . Numbers indicate decay indices. Where two numbers are listed, the rst is the decay index determined by DDA and the second is the decay index determined by TDA. CIC = cladistic information content.
were low for many of the clades. In addition, he summarized the results of bootstrapping by the majority-rule reduced consensus method (Wilkinson, 1996) , which allowed the identi cation of some well-supported ntaxon statements and of the relatively unstable taxa that are excluded from these ntaxon statements. Inasmuch as decay indices tend to be correlated with bootstrap proportions, we would expect these n-taxon statements to have greater decay indices than the clades that entail them. Our analysis demonstrates that TDA can poorly re ect the amount of support for many relationships even when the data unambiguously support a well-resolved tree.
Double Decay Analysis
The two MPTs (and the SCC tree) share 2,599 triplets describing ingroup relationships. The polarity of the triplets was represented by adding the hypothetical ancestor to the outside set, and backbone constraints were speci ed for each of the resulting 4 2 -taxon statements. The frequency distribution of the decay indices of the 2,599 triplets is shown in Figure 9a . Fusion of the 2,599 triplets produced 167 numerically nonredundant n-taxon statements, which are summarized in the DDA partition table (Table 5) in order of decreasing decay indices or, where decay indices are equal, in order of decreasing inclusiveness. Of these n-taxon statements, 113 have decay indices greater than the highest decay indices found by TDA ( > +6); the greatest decay indices ( +54 and +40 for statements 1 and 2) found by DDA are particularly impressive. Clearly, DDA demonstrates considerably more support for some of the relationships common to the MPTs than is apparent from TDA. Some of these decay indices are undoubtedly the result of local effects in which small increments in decay indices accompany the exclusion of terminals, but decay indices as great as +9 (statement 92) and +12 (statement 67) can result from the exclusion of just one or three terminals, respectively. This suggests that at least some of the low decay indices found by TDA re ect the relative instability of just one or a few terminals.
To provide some basis for the comparison of the observed decay indices with those expected for phylogenetically uncor-FIGURE 9. Frequency distributions of the decay indices of triplets for (a) the sauropod data and (b) the same data after random permutation of the assignment of nonmissing entries to taxa within characters. related data, we analyzed by DDA a data set produced by randomly permuting the nonmissing states for each character in the original sauropod data set (Archie, 1989; Faith and Cranston, 1991) . Parsimony analysis of these data yielded 38 MPTs (L = 549; CI = 0.383; RI = 0.346) sharing 1,260 triplets. The frequency distribution of the decay indices of these 1,260 triplets (Fig. 9b) differs greatly from that for the real data (Fig. 9a) -being much more truncated, with * * * * . * * * * * * * * * * * * * * * * * * * * . 1 167 * * * * * * * * * * * * * * * * * * * * * * * * * . 1 no decay indices > +7, and the mode at +2 rather than +1. Clearly, comparative analysis of a single randomly permuted data set does not constitute a statistical randomization test. However, these differences suggest that the characteristics of Upchurch's (1998) data revealed by DDA are not what would be expected of data lacking in phylogenetic signal, and that many of the triplets supported by the real data have decay indices far greater than might be generated by chance alone.
Support Trees and the Interpretation of DDA
The size and complexity of the DDA partition table is a direct re ection of the complexity of the distribution of support, as measured by decay indices, across Upchurch's phylogenetic hypothesis. We envisage that, by specifying the amounts of support for all n-taxon statements common to a set of MPTs, the DDA partition table can be used to identify relationships that are particularly strongly supported as well as to help identify the causes of low decay indices (e.g., because of rogue taxa or the effects of close relatives), thereby identifying areas for future work. The DDA partition table can be inspected directly, but support trees providing graphical representations of relationships and their support can also be used to highlight, or to further investigate, the results of DDA.
The basic RCC support pro le consists of 139 trees and includes the SCC tree (Fig. 8) .
There are six differences in the decay indices determined for particular clades by Upchuch's TDA and our DDA. These differences are not signi cantly biased (three are higher, three are lower, and the sum of the differences is one) and we attribute the differences to the use of heuristic searches with sometimes differing success in the TDA and DDA. Thus where decay indices differ, the lower value will be more accurate and the higher value re ects a failure of the heuristic search. In what follows we restrict our attention to the decay indices determined by DDA.
The large number of basic RCC support trees precludes their use in providing a complete graphical representation of all the information in the partition table. Here we present several support trees to illustrate (1) possible approaches to the selective graphical representation of the results of DDA, (2) properties of support trees, and (3) their potential utility in representing aspects of the DDA partition table and in clarifying issues in sauropod phylogeny. Because, in this case, the SCC tree is the only tree in the strict RCC pro le for the two MPTs, any support tree that does not include all the terminals will show just the subset of relationships remaining in the SCC after pruning the excluded terminals.
Highest decay indices.-Support trees could be chosen that include the highest decay indices and thereby emphasize the best supported hypotheses of relationships. A single RCC support tree (Fig. 10a) includes the numerically nonredundant ntaxon statement with the highest decay index (statement 1 in Table 5 ). This tree illustrates the support for the relationships of just four ingroup terminals-Apatosaurus, FIGURE 10. RCC support trees containing the n-taxon statements with the highest (a) and second highest (b) decay indices. Format as in Figure 8 , with numbers in italics indicating the conjoined branches for which the decay indices exceed the sum of the corresponding adjacent branches in the SCC tree in Figure 8 .
Diplodocus, Omeisaurus, and Shunosaurusand includes information from statement 148 in Table 5 , the only other n-taxon statement that is numerically nonredundant when just these four terminals are considered. Apatosaurus and Diplodocus are nested high in a relatively well-supported part of the SCC tree; they are separated by many nodes and many synapomorphies from Omeiosaurus and Shunosaurus. The high decay index might therefore re ect the restricted local effects of eliminating many closest relatives (as in the hypothetical example above). However, the magnitude of the decay index ( +54) is far greater than would be expected simply from the summation of the individual decay indices of the corresponding adjacent branches of the SCC tree (= 21). We interpret this difference as indicating that the magnitude of the decay indices of the corresponding adjacent branches in the SCC tree are limited by the existence of only slightly sub-optimal local rearrangements of branches that do not re ect the support for relationships, such as (Apatosaurus, Diplodocus) Omeiosaurus, Shunosaurus, which are unaffected by these local rearrangements. Simply summing the decay indices of adjacent branches can seriously underestimate the support for relationships of interest.
The RCC support tree (Fig. 10b ) that illustrates the next highest decay index (statement 2 in Table 5 ) includes the same four terminals plus Brachiosaurus and Camarasaurus. It also contains information from statements 61, 129, and 148 in Table 5 , which give the amount of support for the additional relationships in this tree. The two support trees (Figs. 10a, 10b ) are clearly related. Including Brachiosaurus and Camarasaurus increases the number of internal branches in the tree and affects the amount of support. In particular, their inclusion divides the internal branch uniting Apatosaurus + Diplodocus and partitions the support for this grouping across the corresponding adjacent branches. Note, however, that the decay index of the single branch in Figure 10a is not simply the sum of the decay indices of the corresponding pair of adjacent branches in Figure 10b .
The three n-taxon statements with the next highest decay indices (statements 3-5, Table 5 ), each of which has its own basic RCC support tree (not shown), also have Apatosaurus and Diplodocus as the inside set. These statements differ in the composition of the outside set, and their decay indices decrease with the successive addition of Mamenchisaurus, Euhelopus, and Patagosaurus to the outside set.
The relatively few taxa included in the RCC support trees having the highest decay indices is a major limitation to the utility of these trees. However, comparison with the SCC tree raises, and helps to address, additional questions. In the SCC tree, Apatosaurus and Diplodocus are grouped with Barosaurus (all three being North American Late Jurassic sauropods) into the monophyletic Diplodocidae (Fig. 8, branch W) . The close phylogenetic relationship between these three genera has been accepted ever since Berman and McIntosh (1978) demonstrated that Apatosaurus possessed a Diplodocus-like skull. The monophyly of the Diplodocidae has been con rmed by several phylogenetic analyses (McIntosh, 1989 (McIntosh, , 1990 Yu, 1990 Yu, , 1993 Upchurch, 1993 Upchurch, , 1995 Upchurch, , 1998 Calvo and Salgado, 1995) and is consequently regarded as well supported and uncontroversial. Upchurch's (1998) TDA determined the decay index for the Diplodocidae to be +6, a result con rmed by our DDA. Although this is the highest decay index of any of the clades in the SCC, one might think it unexpectedly low for such a strongly favored grouping.
The exclusion of Barosaurus from the ve n-taxon statements with the highest decay indices (each of which includes Apatosaurus and Diplodocus as the inside set) suggests that Barosaurus may be the "weakest link" within the Diplodocidae. Whereas Apatosaurus and Diplodocus are known from most parts of the skeleton, the skull and several distal limb elements are missing from Barosaurus. The percentages of missing entries in the diplodocid genera are 7.8% for Apatosaurus, 56.1% for Barosaurus, and 5.4% for Diplodocus. The higher proportion of missing entries in Barosaurus means that fewer synapomorphies are observable in Barosaurus; this would account for lower decay indices for n-taxon statements in which Barosaurus is in the inside set than those for when the inside set comprises only Apatosaurus and Diplodocus. Indeed, the highest decay index for an n-taxon in which all three diplodocids are the inside set (statement 21) is considerably less than when just Apatosaurus and Diplodocus make up the inside set. However, this decay index ( +24) is still quite impressive. Thus, despite the relative incompleteness of Barosaurus, support is still strong for the closer relationship of the diplodocids to each other than to a range of other sauropods.
The high proportion of missing entries for Barosaurus might reasonably justify the suspicion that it is behaving like a rogue taxon (Wilkinson, 1995b) and that the low decay index of the Diplodocidae on the SCC tree results from Barosaurus' relative instability. Examination of the DDA partition table reveals that this is not the case. Dicraeosaurus and Amargasaurus compose the family Dicraeiosauridae, the sister group of the Diplodocidae in the SCC tree. In only one numerically nonredundant n-taxon statement (statement 114, Table 5 ) do all diplodocid genera make up the inside set and the dicraeosaurids are included in the outside set. The decay index ( +6) corresponds to that in the SCC tree and is less than when any terminals other than the dicraeosaurids form the outside set. Thus the low decay indices for diplodocids in the SCC tree are associated with the inclusion of their closest relatives in this tree rather than resulting from the relative instability of Barosaurus. Statement 102 (Table 5) further con rms this interpretation. That statement has a decay index of +8, includes the dicraeosaurids in the outside set, and includes just Barosaurus and Diplodocus in the inside set. That Barosaurus and Diplodocus are included in this statement but Apatosaurus is not indicates that, at this level in the phylogeny (i.e., with respect to the dicraeosaurids), Apatosaurus, rather than Barosaurus, is the least stable diplodocid.
Highest total decay.-Maximizing total decay (the sum of the decay indices of all nonredundant n-taxon statements in a tree) may provide a useful criterion for selecting from the RCC support pro le. Total decay for the SCC tree (= total component support) is 47, and the total decays of the trees that include the highest decay indices (Figs. 10a, 10b ) are 56 and 60, respectively. Three basic RCC support trees tie for the highest total decays (64) in the pro le, an increase of 17 (36%) over the total decay of the SCC tree.
FIGURE 11. One of three RCC support trees that maximize total decay. Format as in Figures 8 and 10 .
The rst of these trees (Fig. 11 ) includes seven branches with decay indices greater than the sum of the decay indices in the corresponding adjacent branches in the SCC tree, including an impressively large decay index of +12 for the conjoined branch F-I (Neosauropoda). The enhanced support for the relationships in this tree are paid for by the exclusion of eight terminals: Barapasaurus, Cetiosaurus, Euhelopus, Haplocanthosaurus, Lapparentosaurus, Patagosaurus, Phuwiangosaurus and Vulcanodon. Thus, these taxa can be viewed as jointly responsible for the lower total decay of the SCC tree and may be considered of particular interest because of their negative effect on the support levels and their implied relative instability.
The instability of some of these taxa is not surprising. For example, the phylogenetic relationships of Euhelopus are controversial, having been interpreted as a titanosaur (Swinton, 1947) , a camarasaur (McIntosh, 1990) , and a member of the endemic Chinese Euhelopodidae (Upchurch, 1995 (Upchurch, , 1998 . To accept the phylogenetic position of Euhelopus in the SCC tree, several of its derived features must be interpreted as convergent, including the system of struts and laminae in the dorsal vertebrae, which closely resembles that in the titanosauroid clade, and the closed external mandibular fenestra, which is also characteristic of neosauropods. The effect of Euhelopus can be further examined by construction of support trees that either (1) exclude only Euhelopus or (2) include Euhelopus but none of the other seven taxa excluded from the RCC support tree in Figure 11 (i.e., by reintroducing Euhelopus to this tree). The former has no effect upon decay indices, whereas the latter produces a reduction in the decay index of the Neosauropoda from +12 to +10. Thus, exclusion of Euhelopus contributes to the enhanced decay index for the Neosauropoda (branch F-I), but only in combination with the exclusion of other taxa.
The second tree RCC support tree with the highest total decay differs from the rst (Fig. 11) effect of Euhelopus described above, demonstrates that the effects of individual terminal taxa on decay indices may be subtle and unpredictable.
The third RCC support tree with the highest total decay (Fig. 12) differs considerably from the former two trees. It includes six branches with decay indices greater than the sum of the decay indices in the corresponding adjacent branches in the SCC tree, including an impressive decay index of +15 for the pairing of Opisthocoelicaudia and Saltasaurus. Seven taxa-Alamosaurus, Andesaurus, Lapparentosaurus, Nemegtosaurus, Phuwiangosaurus, and Quaesitosaurus-are excluded from this tree and are jointly responsible for the lower total decay of the SCC tree. Just two taxa, Lapparentosaurus and Phuwiangosaurus, are excluded from all three of the support trees with the highest total decays. Thus these taxa appear particularly problematic. As with Euhelopus, exclusion of just Phuwiangosaurus has no effect on decay indices, but when it is reintroduced to the support trees of Figures 11 and 12 , its effects are to reduce the decay indices of the Neosauropoda (branch F-I) and of the Opistocoelocaudia -Saltasaurus pairing (branch Q), respectively.
Opisthocoelicaudia is represented by a single well-preserved partial skeleton from the Late Cretaceous of Mongolia (BorsukBialynicka, 1977) . The phylogenetic relationships of this taxon are controversial: BorsukBialynicka (1977) and McIntosh (1990) regard Opisthocoelicaudia as a camarasaurid, whereas Gimenez (1992) , Upchurch (1993 ), and Salgado et al. (1997 have placed this Mongolian form within the titanosaur clade (branch M; Fig. 8) . Upchurch (1998) proposed a sister-group relationship between Opisthocoelicaudia and the titanosaur Saltasaurus, but this clade is supported by a minimal decay index (+1). This result could indicate only weak support for the inclusion of Opisthocoelicaudia within the titanosauroid clade, or it could merely re ect low support for the Opisthocoelicaudia-Saltasaurus sistergroup relationship. The support tree (Fig. 12) shows that there is strong support (decay index = +15) for the hypothesis that Opisthocoelicaudia is more closely related to the titanosauroid Saltasaurus than it is to a wide range of nontitanosauroids, including representatives of the closest relatives of the Titanosauroidea (Brachiosaurus and Camarasaurus) . Thus, the data well support that Opisthocoelicaudia is a titanosauroid, and the low decay index for the OpisthocoelicaudiaSaltasaurus clade in the SCC tree re ects the more uncertain relationships within the Titanosauroidea.
Information content.-The cladistic information content (CIC) of a SCC is a simple function of the number of trees that the consensus permits (or conversely prohibits) and the number of possible trees (Thorley et al., 1998) . CIC is de ned as the negative logarithm of the ratio of the number of permitted trees to the number of possible trees and is expressed in standard units of bits or nats (depending on the base of the logarithm). Thorley et al. (1998) advocated strict consensus trees that maximize CIC. In the present example, the RCC support tree with the most information content (CIC = 103.942 bits) is the SCC (Fig. 8) . Other support trees have less information by virtue of including fewer taxa. This is not expected to be the case generally. Where the SCC is poorly resolved, as in the hypothetical example above, an RCC support tree with fewer taxa but greater resolution may be more informative. By itself, CIC does not re ect the extent of support but might be modi ed to do so or used in combination with a measure of support such as total decay. For example, of the three trees with the greatest values for total decay, the tree in Figure 12 has the highest CIC (66.002 bits). Used as a secondary criterion CIC selects the former tree as more informative.
Speci c terminals.-We might want trees to re ect the support for relationships among a speci c subset of terminals deemed to be of particular interest. A support tree for any chosen set of terminals can be built up from the partition table of numerically nonredundant n-taxon statements and their decay indices. Such a tree may or may not be a member of the RCC support pro le. Upchurch (1998) used the majority-rule RCC approach (Wilkinson, 1996) to extend his bootstrap analyses and thereby identify several terminals as problematic or particularly unstable. These so called rogue terminals included Barapasaurus, Haplocanthosaurus , and Lapparentosaurus. That Lapparentosaurus is excluded from all three of the support trees with the most total decay, and Barapasaurus and Haplocanthosaurus are excluded from two of these trees, supports this nding.
The instability of these genera is caused by different factors in each case. For example, Lapparentosaurus is based on material that, from its small size and unfused sutures, probably belonged to one or more juvenile sauropods. Although the limb elements of this taxon possess many derived states, the vertebrae appear primitive, lacking the complex system of struts and laminae found in most sauropods. Thus, the instability is caused by the unusual combination of plesiomorphic and derived states, which in turn is probably a re ection of its juvenile status (Upchurch, 1998) . The instability of Haplocanthosaurus and Barapasaurus can be traced to a low-level taxonomic problem (potential paraphyly of the genus) and fragmentary preservation, respectively (Calvo and Salgado, 1995; Upchurch, 1998) .
Support trees that exclude only Barapasaurus and only Lapparentosaurus are shown in Figures 13a and 13b , respectively. Exclusion of Barapasaurus produces only limited local effects (i.e., changes in the decay indices of branches close to its original position in the tree). The conjoined branch BC has a decay index of +3 in contrast to the decay indices of the corresponding adjacent branches B and C in the SCC tree (both +1); the decay index of branch F is also increased from +1 to +2. The minimal decay indices of branches B, C, and F (but not the low decay index of branch D) can therefore be attributed to the instability of Barapasaurus in this part of the tree. Total decay is slightly more (49) for this support tree than for the SCC tree (47).
In contrast, exclusion of Lapparentosaurus has more widespread and profound effects. Increases in the decay indices for branches K and M, which are close to the placement of Lapparentosaurus in the SCC tree, are local effects similar to those seen with the exclusion of Barapasaurus. In addition, the decay indices of two pairs of more distant branches (U and V, and G and H), in two different parts of the tree, increase. Total decay for this support tree is 56, an increase of 9 (19%) over that of the SCC tree. DDA and inspection of support trees con rm the relative instability of Lapparentosaurus and the negative impact of this taxon on decay indices for various relationships.
Exclusion of just Haplocanthosaurus leads to the conjunction of branches H and I of the SCC tree. Interestingly, there are no corresponding increases in the decay indices of any local or more distant branches, and the decay index of the conjoined branch ( +1) is the same as the individual decay indices of H and I. Summing these decay indices would overestimate the support for relationships (excluding Haplocanthosaurus ) in this part of the tree. As shown earlier, the decay index of branch H is negatively affected by the instability of Lapparentosaurus, and we assume that this instability is associated with the conjoined branch HI when Haplocanthosaurus is excluded. If Haplocanthusaurus and Lapparentosaurus are both excluded, the corresponding support tree includes all the increases in decay indices produced by the exclusion of just Lapparentosaurus, and also includes an increase in the decay index of branch J increases from +1 to +3. This indicates that Haplocanthosaurus is responsible for some instabilitybut in conjunction with Lapparentosaurus, rather than alone. The synergistic effects of these taxa serve to underline the complexity of the distribution of support for different aspects of the phylogenetic relationships in the MPTs. This complexity is re ected in the multiplicity of the numerically nonredundant ntaxon statements in the DDA partition table and the corresponding multiplicity of trees in the RCC support pro le.
DISCUSSION
Bootstrapping and decay analysis are widely used techniques for evaluating the strengths and weaknesses of phylogenetic hypotheses. Indeed, the development of these techniques has helped promote a greater concern for this important aspect of phylogenetic inference. Typically, support is not distributed evenly across phylogenetic hypotheses, and in both traditional bootstrapping and decay analysis, measures of support are given separately for each clade.
Although trees are naturally thought of as collections of clades, they can also be viewed as collections of less inclusive n-taxon statements. Any informative tree of more than three terminal taxa will contain more n-taxon statements than it will clades. Thus a summary of the support for all n-taxon statements in a tree, or set of trees, either in terms of decay indices or bootstrap proportions, is likely to be much more informative than a summary of these values for clades. In particular, the support values for clades are equal to the lowest of the support values of any of the n-taxon statements that they entail. Thus they tend to re ect the weaknesses of phylogenetic hypotheses rather than the strengths.
The arguments above have motivated the development of majority-rule RCC methods for use in bootstrapping (Wilkinson, 1996) and our development of DDA and of RCC support trees. These techniques produce much more comprehensive evaluations of the support for phylogenetic hypotheses than do traditional bootstrapping and decay analyses and thereby provide powerful tools for phylogeneticists.
DDA is a simple extension to TDA. As in TDA, the length difference between the shortest trees that include a particular phylogenetic hypothesis and the shortest trees that do not include the hypothesis-its decay index-is taken as a measure of the support for that hypothesis. The limitations of TDA and the extra information that can be provided by DDA is evident in both the hypothetical and sauropod examples discussed above. As noted by Wilkinson (1994) , these limitations extend to, and may undermine, the proposed use of TDA in determining total component support for matrix randomization tests (Källersjö et al., 1992) .
Weaknesses in phylogenetic hypotheses are often associated with the placement of a subset (often a minority) of the terminal taxa, and we anticipate that DDA will be particularly useful when this is the case. Phylogenetic paleontologists are frequently confronted with data sets of this kind, in which large amounts of nonrandomly distributed missing data contribute to the instability of particular taxa and may yield multiple MPTs (Wilkinson, 1995b) or very low support values (as determined by TDA and traditional bootstrapping) or both. This may have contributed to an unwillingness to include poorly represented material in paleontological phylogenetic analyses (e.g., Wilson and Sereno, 1998) and an unwillingness to investigate the support for preferred phylogenetic relationships.
Exclusion from phylogenetic analyses of poorly known taxa, purely on the basis of their lack of data, ignores the possibility that the known combinations of character states in these taxa may necessitate additional homoplasy and alter the mostparsimonious interpretation of the character evolution and phylogenetic relationships among the better known taxa. Thus, ceteris parabus, exclusion of taxa should be avoided (Wilkinson, 1995b; Wilkinson and Benton, 1996) . Generally, DDA will identify the otherwise hidden strengths of phylogenetic hypotheses, thereby overcoming one of the most serious problems with the inclusion of poorly known taxa in phylogenetic analyses. By facilitating more comprehensive and accurate assessments of the support for phylogenetic hypotheses, DDA should promote more comprehensive phylogenetic analyses, analyses that include evidence provided by poorly known or otherwise unstable taxa. As is apparent from the sauropod example, DDA can help to identify the causes of instability and low support for particular aspects of phylogenetic hypotheses and thereby help direct future research.
The relation of DDA to TDA parallels that between reduced and component consensus methods (Wilkinson, 1994 (Wilkinson, , 1995a . Reduced consensus methods also offer greater sensitivity to the shared cladistic information among a set of fundamental trees and simultaneously identify the most unstable terminal taxa in the trees. The use of RCC support trees to represent the results of DDA is a natural development of reduced consensus methods, paralleling the development of majority-rule reduced consensus trees for use in bootstrapping (Wilkinson, 1996) and further extending the range of uses for reduced consensus methods.
Where there is no or only limited homoplasy, as in the hypothetical example, the effects of excluding close relatives on the decay indices of conjoined branches are predictable. Generally, the decay index of a conjoined branch will be the sum (or close to the sum) of the branches subsumed by it. Conversely, inclusion of additional close relatives is expected to decrease the decay indices as the available synapomorphies are distributed more thinly across more internal branches. Somewhat worryingly then, this close-relatives effect means that improved taxonomic sampling can be expected to decrease the support for particular internal branches (see also Jackman et al., 1999) . Importantly, reductions in decay indices for internal branches caused by the close-relatives effect do not necessitate a reduction in support for all the phylogenetic hypotheses represented by the branches, but DDA is required to determine which parts of these phylogenetic hypotheses are well supported.
In contrast, with real data, such as that for the sauropods, the effects of excluding taxa are more unpredictable. Some, for example, the reduced decay indices for the Saltasaurus-Opistocoelicaudia that accompany the inclusion of basal titanosauroids such as Phuwiangosaurus, appear to be a manifestation of the close-relatives effect. However, the sauropod example also illustrates that the effects of particular terminal taxa or combinations of taxa on decay indices may be widespread or restricted, local or longdistance, profound or subtle. Our investigations of support trees and the DDA partition table illustrate several approaches that can be used to investigate and discriminate between these diverse effects. de Braga and Rieppel (1997) , evaluating the alternative phylogenetic placements of turtles within the Parareptilia advocated by Lee (1995) and Laurin and Reisz (1995) , summed the decay indices of the adjacent branches leading to the turtles to produce an overall measure of the support for these hypotheses. As should be apparent from the sauropod DDA, this is not an appropriate procedure. Summing the decay indices of adjacent branches may either overestimate or underestimate the strength of support for conjoined branches and is a poor substitute for DDA.
DDA partition tables may contain large quantities of information. As with the sauropod example, graphical representation of all of the information in the DDA partition table will often be impractical because of the sheer size of the RCC support pro le. Although one might consider this a major drawback of DDA, in our view, it is simply a re ection of the potential complexity of the distribution of support for phylogenetic hypotheses. Comprehensive graphical representation, desirable as it may be, is not necessary, and selective graphical representation can be used to explore, illustrate, or reinforce the interpretation of the DDA partition table. Potentially useful criteria for selecting among RCC support trees include total decay and CIC. Numerous other criteria are possible, and further research is required in this area. Additional work in progress is being directed toward extending DDA to unrooted trees and developing measures of the stability of terminal taxa based on the information included in the DDA partition table.
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